In forests of eastern North America, introduced pathogens have caused widespread declines in a number of important tree species, including dominant species such as American beech (Fagus grandifolia Ehrh.). Most studies have focused on changes in forest composition and structure as a direct result of mortality caused by a pathogen. Our field studies of windthrow resistance in forests of northern New York and northern Michigan demonstrate that resistance of beech trees to windthrow is severely reduced by beech bark disease (BBD). This reduced resistance was primarily due to the increase in the probability of stem breaks of moderately and highly infected beech trees. The severity of BBD infection on individual trees has a significant negative effect on resistance to windthrow. We tested potential consequences of this for long-term composition and structure in these forests by using a simulation model, SORTIE. We found that species such as yellow birch (Betula alleghaniensis Britt.) and eastern hemlock (Tsuga canadensis (L.) Carr.) increased in basal area primarily because of the effect BBD had on the creation of new seedbed substrates. Our results highlight the indirect effects that host-specific pathogens can have on community dynamics and species coexistence in forests.
Introduction
Introduced pests and pathogens, such as chestnut blight fungus (Cryphonectria parasitica (Murr.) Barr), Dutch elm disease fungus (Ophiostoma ulmi (Buism.) Nannf.), hemlock woolly adelgid (Adelges tsugae Annand), and beech bark disease (BBD) (Cryptococcus fagisuga Lind., with Nectria spp.), have caused widespread declines of trees in forests of eastern North America. Chestnut and elm often dominated in their communities, and their removal resulted in major changes in forest dynamics and composition (Harlan 1976; Harper 1977; Burdon and Shattock 1980; Liebhold et al. 1995) . American beech (Fagus grandifolia Ehrh.) is also a dominant species in many regions of eastern North America (McIntosh 1972) . Once BBD is present in a stand, it spreads rapidly, killing >50% of beech trees >25 cm diameter at 1.35 m (diameter at breast height (DBH)) (Houston 1994) , skewing the size structure of beech populations to smaller classes (Gavin and Peart 1993; Forrester et al. 2003) . Some stands are then characterized by dense thickets of beech sprouts and deformed trees that are only slowly killed by BBD (Houston 1975) . However, BBD does not significantly change sprout vigor (Jones and Raynal 1987) . Thus, beech may remain an important species and inhibit a dramatic reorganization of the canopy community (Twery and Patterson 1984) .
Recent studies examining changes in canopy composition in the aftermath of BBD reinforce this conclusion. Leak and Smith (1996) determined that natural succession was the dominant factor governing change in forest composition since the introduction of BBD at Bartlett Experimental Forest in the White Mountains of New Hampshire in the 1950s; the modest decline of beech was due to timber management, and BBD accounted for only minor changes. Fahey (1998) found that in a 110-year-old stand in Arnot Forest in south-central New York, where BBD has been present since about 1970, forest change was consistent with the Oliver and Larson (1996) model of a stand undergoing transition from the understory reinitiation stage to the old-growth stage. Other studies drew more nuanced conclusions. DiGregorio et al. (1999) found that sugar maple growth was stimulated in the nongap understory by as much as 30%, presumably as a result of the thinning of the canopy due to the diffuse disturbance caused by BBD. Forrester et al. (2003) concluded that BBD, present at Huntington Forest, New York, since the 1960s, has hastened the onset of uneven-aged conditions, but in contrast to the findings of Fahey (1998) , without the stand undergoing the understory reinitiation phase.
Secondary effects of BBD may lead to long-term changes not anticipated by any of these studies. In forests of the southeastern United States that are free of BBD, beech persistence is largely due to the high resistance of intermediate-sized beech trees (20-40 cm DBH) to windthrow (Batista et al. 1998) . In stands where BBD is present, however, beech trees in this size class have a high susceptibility to windthrow (Canham et al. 2001) , suggesting that these beech populations may be at risk over the longer term. Further, several studies noted an apparent increase in snapped stems of diseased beech and attributed it to the effects of BBD (e.g., Houston and O'Brien 1983) . Overall, coarse woody debris (CWD) increases two to four times in stands affected by BBD (McGee 2000) , and rotting CWD is an important seedbed substrate for small-seeded species, such as yellow birch (Betula alleghaniensis Britt.) and eastern hemlock (Tsuga canadensis (L.) Carr.) (Gilbert 1965; Godman and Lancaster 1990; Peterson and Pickett 1995; McGee 2001) . Higher CWD loads, combined with higher understory light levels due to the canopy thinning effects of BBD (Digregorio et al. 1999) and windstorm gaps (Peterson and Pickett 1995) , could have long-term impacts on beech persistence and subsequent community dynamics that may not be evident in short-term (≤60 years) studies of the impact of the disease.
In this paper, we (1) quantify how the presence of BBD in forests of eastern North America alters the resistance of beech to both uprooting and stem break; (2) determine whether beech trees in New York show progressively higher susceptibility to windthrow as BBD severity increases; and (3) incorporate the results into SORTIE, a spatially explicit model of forest dynamics (Pacala et al. 1996) , to investigate the consequences of the change in windthrow mortality of beech for long-term forest composition and structure in beech-hemlock stands of northern hardwood forests of northeastern North America.
Materials and methods

Field data
This research is based on data collected after separate windstorms in New York and Michigan. The New York site, where BBD has been present since the 1960s, was used for most of the data analysis and simulations. The Michigan site, where BBD was absent at the time of the study, was used to compare the windthrow resistance of beech to that of sugar maple in BBD-free stands.
In July 1995, an intense windstorm crossed northern New York state, affecting old-growth and second-growth stands in the Five Ponds Wilderness Area of the western Adirondack Mountains. Forty-three 20-m-radius circular plots (0.126 ha) along a swath crossing the storm path were censused a year after the storm (Canham et al. 2001) . BBD severity on each beech tree was assessed in 18 of the 43 plots, but that information was not used in the original analyses reported by Canham et al. (2001) . All trees >10 cm DBH and rooted within plots were tallied by species, DBH, and condition (tipped up, snapped below crown, or damaged crown). A tree was considered removed from the canopy (i.e., dead for the purposes of the simulations) if it was uprooted, tipped >45°f rom perpendicular, or broken below the crown. Disease severity was based on a visual assessment of bark defect (Burns and Houston 1987; Latty et al. 2003) . Four levels of infection were scored: no indication of defect (none); the presence of C. fagisuga or discrete bark lesions <3 cm in diameter (low); obvious necrotic tissue with blocky patches on <50% of the circumference of the tree (moderate); and obvious necrotic tissue with blocky patches on >50% of the circumference of the tree (high). A total of 1116 trees within the 18 plots were scored for windthrow. This included 705 beech trees that were also scored for BBD (Table 1) .
In July 2002, an intense, local storm affected an old-growth stand in the upper peninsula of Michigan, where BBD was absent at the time of the storm (the 100-ha Dukes Research Natural Area of the Hiawatha National Forest) (Woods 2001 (Woods , 2004 . Eighty-three circular, 0.2-acre (0.08-ha) permanent inventory plots in a 2.9-ha mapped stand were remeasured following the storm. Of 3894 stems with DBH >5 cm, about 7% were tipped up or broken below the crown; the mortality rate increased with size. Storm-caused mortality varied between plots from 0% to nearly 50% of canopy stems.
Data analysis
We used the same nonlinear logistic regression model developed by Canham et al. (2001) to estimate windthrow susceptibility parameters for both the Michigan site with no BBD and the 18 plots in New York in which BBD was assessed. Canham et al. (2001) defined windthrow to include both snapped stems and trees tipped >45°from zenith. The method estimates species-specific parameters that determine the probability of windthrow as a function of species and DBH and as an index of local storm severity:
where p isj is the probability of windthrow for the jth individual of species s in plot i; S i is the estimated storm severity index for plot i (scaled between 0 and 1); DBH isj is diameter at breast height of the jth individual of species s in plot i; and a s , b s , and c s are estimated, species-specific parameters. The storm severity index (S i ) is estimated by the likelihood procedure and allowed to vary between 0 and 1, with 0 representing no windthrow damage and with 1 representing the most severe level of windthrow damage observed in the data set. Four species, beech, sugar maple, red spruce (Picea rubens Sarg.), and yellow birch (B. alleghaniensis), were sufficiently abundant in the New York plots to be included in the analyses. To estimate separate susceptibility parameters for each of the four levels of BBD, we treated each infection level as a separate beech "species". Thus, the full disease model has seven "species": beech (×4 levels of BBD), sugar maple, yellow birch, and hemlock. The nondisease model uses the four biological species. We tested alternative disease models that looked for evidence of threshold effects of BBD by pooling infection classes according to BBD severity. This set of alternative models was used in four separate analyses with different dependent variables: overall mortality, stem snap, tip-up, and crown damage.
We used the Akaike information criterion (AIC), corrected for small data sets (AIC c ), to determine the most parsimonious model in each analysis (Burnham and Anderson 2002) . The model with the lowest AIC c has the strongest support in the data, and the difference in AIC between two models (∆AIC c ) provides a measure of the relative strength of evidence in the data for the two different models. We report ∆AIC c as [2] ∆AIC c = AIC c (alternative) -AIC c (best)
SORTIE simulation model
We used SORTIE (Pacala et al. 1996) to test stand-level consequences of increased susceptibility to windthrow in beech trees with BBD. SORTIE is a spatially explicit, individualbased neighborhood model that forecasts tree population dynamics by predicting the fate of individual trees in 5-year time steps. It consists of species-specific functions that predict each tree's available light , growth , mortality (Kobe et al. 1995) , windrelated mortality (Papaik 1998 (Papaik , 2005 , and contribution to regeneration (Ribbens et al. 1994) .
Regeneration is defined as the number of new seedlings that would be produced by a "standardized" tree with 30 cm DBH if the entire area of the seed shadow consisted of favorable substrate (following the notation of Ribbens et al. (1994) ). The regeneration model consists of a dispersal function that determines the spatial positions of all new recruits produced by every tree with DBH ≥10 cm (Ribbens et al. 1994) ; and a seedling establishment function that calculates the number of seeds, their germination, and 1-year seedling establishment success as a species-specific function of tree size, seed mass, and seedbed substrate type (Greene and Johnson 1998) . If a seedling establishes, SORTIE evaluates its persistence through the first and each subsequent 5-year time step as a function of available light. The seedling establishment function has three components: (1) substrate creation; (2) species-specific seed germination and seedling establishment probabilities for different substrates; and (3) substrate changes over time. First, substrate creation is driven by tree mortality. When trees die, some fall over, creating fresh CWD. We assume, for simplicity, that trees that die from causes other than windthrow die standing and disappear from the stand without any further contribution to community dynamics. This is a conservative assumption that underestimates CWD creation. All windthrown trees fall at the time of death and create fresh CWD; 50% of them uproot, and the rest snap. The area of fresh CWD created by a fallen tree is calculated as (0.5 × DBH × tree height), which is equivalent to a triangle that is the height of the tree, with DBH as the width of the base.
The second component of the substrate model defines the species-specific probabilities of seed germination and seedling establishment for three different seedbed substrate types: fresh CWD, rotting CWD, and litter. Substrate favorability is a function of seed mass and is based on field experiments by Greene and Johnson (1998) lishment of all species (i.e., fresh CWD and litter) or differentially favorable for seedling establishment of some species (e.g., rotting CWD is favorable for the establishment of small-seeded species, such as hemlock and yellow birch (Gilbert 1965; Runkle 1985; Harmon and Franklin 1989; Godman and Lancaster 1990; McGee 2001) ). The final component of the substrate model calculates how substrates decay (i.e., change into other substrates). Substrate is created by tree fall that creates fresh CWD. Fresh CWD decays to rotting CWD as a logistic function of time in 5-year time steps, according to Beaudet estimated that within 10 years~95% of fresh CWD decays to rotting CWD, and after 5 years,~45% of rotting CWD "decays" to forest litter (Table 2b ). The wind disturbance submodel integrated into SORTIE (Papaik 1998) requires that the user specify (1) a wind disturbance regime, consisting of return intervals for storms of a wide range of severity; and (2) parameters that define species-specific resistance to windthrow as a function of an index of storm severity (Canham et al. 2001) . We based our wind disturbance regime on Frelich and Lorimer's (1991) reconstruction of long-term wind disturbance in forests of the upper midwest region of the United States (Table 3) .
BBD lowers the growth rate of infected trees (Twery and Patterson 1984; Gavin and Peart 1993 ), but we did not have appropriate data to directly model this effect. For this reason, together with a second one discussed in the substrate model below, our simulations of the effects of BBD are conservative and do not capture reduced growth or increased mortality of larger beech trees that is directly due to the effects of BBD. It should be noted that the original parameterization of SORTIE used data from stands in northwestern Connecticut in which the disease had been present for several decades.
Estimating the impact of BBD on community structure and composition
We evaluated the implications for communities of the change in the windthrow susceptibility of beech; for this we used three different windthrow resistance parameter sets for F. grandifolia (Table 4 ). For stands with high levels of BBD on beech trees (HBBD), we used parameter values estimated in our analysis of the 18 plots in New York that were scored for BBD level. For stands simulating the presence of BBD, we used parameter values derived from all 43 plots from Canham et al. (2001) . For stands simulating the absence of BBD, we set beech parameter values for windthrow to be the same as those for sugar maple. There were two reasons for our assumption that beech windthrow parameters would closely resemble those of sugar maple in the absence of BBD. First, Batista et al. (1998) found that small and medium-sized beech trees were among the most wind-firm trees in BBD-free forests of the southeastern United States. Second, our Michigan data revealed that windthrow parameters for beech and sugar maple in forests free of BBD were virtually identical (Woods 2004 F. grandifolia, we used the parameter values in all simulations that were estimated by Canham et al. (2001) (Table 4) . The plot size for each simulation was 16 ha, with 10 replicate runs of 500 years each. The initial population of trees was determined by randomly dispersing 1-cm-DBH saplings of each species throughout the plot at a density of 25 saplings/ha. CWD creation and decay were important parts of this model and difficult to parameterize precisely. We ran two different sets of tests to explore the sensitivity of the model to different substrate creation and decay rates. First, we doubled and quadrupled the area of CWD with each treefall (CWD × 2 and CWD × 4). Second, we delayed the creation of rotting CWD by halving the decay rate of CWD (fresh decay × 0.5) such that 95% of fresh CWD became rotting CWD after 20 years, instead of 10 years. This test effectively increases the delay between the creation of canopy gaps at the time of the windstorm and the creation of rotting CWD. In what follows, "baseline" refers to baseline substrate conditions.
Results
Effects of BBD on susceptibility of beech to windthrow
Our data collected following the 1995 storm in the Adirondacks demonstrate that the probability of windthrow increases as a function of severity of BBD (see Table 1 ). This is primarily due to increased stem breakage; the most severely infected trees were almost twice as likely to experience stem break as to experience uprooting ( Table 1 ). The best mortality models produced excellent fits to the data (Fig. 1a) . Two mortality models had virtually identical support in the data (models 5 and 6, ∆AIC c = 0.26, Table 5), and both had considerably more support than the nondisease model for mortality (model 1, ∆AIC c = 5.21); therefore, we conclude that there is clear evidence that beech windthrow mortality is a function of disease severity. In particular, there is considerable support in the data for an increase in the probability of stem snap for trees with BBD (∆AIC c = 4.41) and less support for an increased probability of uprooting (∆AIC c = 2.04). The most parsimonious stem-snap model (model 3, Table 5) indicates that low levels of BBD have no effect on stem snap, but moderate and high levels of BBD do. Therefore, we infer that the increase in total windthrow mortality of beech trees in BBD stands (Fig. 2a) is due primarily to the increased probability of stem breaks in moderately and highly infected beech trees.
The estimated resistance of medium-sized beech (30 cm DBH) to windthrow was dramatically reduced with respect to other species (Fig. 2a) . However, smaller beech trees (10 cm DBH) remained highly resistant to windthrow, even when infested with BBD (Fig. 2b) . This was especially evident as storm severity increased. In New York, the resistance to windthrow of the entire population of beech trees was dramatically different from that of the subset that showed no external sign of infection (Fig. 3a) . The resistance of these putatively disease-free trees in New York was similar to that of sugar maple (Fig. 3a) , just as it was in the disease-free stands in the upper peninsula of Michigan (Fig. 3b) . Note that because the storm severity index is scaled independently for each data set, similar values of the index for different sites do not equate to similar storm intensity or probability of mortality. For this reason, we used the Michigan results to infer that the resistance of beech to windthrow prior to the presence of BBD in New York was similar to the resistance of sugar maple.
Effects of windthrow and BBD on long-term forest dynamics
We simulated changes in community dynamics to three different levels of BBD in the context of the same long-term wind disturbance regime. In the absence of BBD, beech was the long-term competitive dominant among the six major Fig. 1 . Goodness of fit of the maximum-likelihood analysis of probability of windthrow as a function of storm severity index, species, and size for the data set where level of beech bark disease infestation was noted: (a) full-mortality model; (b) stemsnap model. Data points represent the observed proportion of all species of dead trees (vertical axis) as a function of predicted probability of windthrow (horizontal axis). The solid diagonal line indicates a 1:1 correspondence between observed and expected. The greater deviations from 1:1 at higher predicted probabilities are due to the relatively few observations in that class.
tree species in northern New York (Fig. 4a) . Yellow birch and hemlock persisted but in gradually declining importance throughout the simulation period. Although beech remained the long-term dominant species in simulations in which BBD was present (Fig. 4b) , its basal area was 15%-25% lower (see Fig. 5 : no BBD vs. BBD). The model predicted that yellow birch and hemlock both become more important in late-successional stands, as a result of the presence of BBD Fig. 2 . Predicted probabilities of wind mortality as a function of storm severity index, determined by using eq. 1 and parameters reported in Note: The best model has ∆AIC c = 0; a difference of <2 suggests that we should expect to see a lot of variation in which model would be the best if we could draw multiple independent samples; a difference of >4 suggests that the model with the larger AIC c has considerably less support (Burnham and Anderson 2002) . AIC c , Akaike information criterion, corrected for small data sets. Table 5 . Determining the best models for estimating the effect of beech bark disease (BBD) on wind damage. (Fig. 4b) , and even more so in the most severely impacted stands (i.e., HBBD) (Fig. 4c) . Beech decline was 1.5-3 times greater in HBBD stands than in BBD stands (Table 6) .
Importance of seedbed substrate
The substrate sensitivity tests illustrated how BBD changes the importance of CWD dynamics in these forests. In the absence of BBD, community dynamics were resistant to changes in CWD, showing only minor decreases in beech and minor increases in hemlock and yellow birch basal area as CWD successively doubled (Fig. 5) . With BBD present, community dynamics were more sensitive to changes in CWD (Fig. 5 ). There was a notable increase in hemlock and yellow birch with the first doubling of CWD. A second doubling of CWD resulted in significant differences in stand trajectory, with hemlock and yellow birch codominating with beech. Beech basal area decreased throughout as BBD increased, such that the amount of decrease became more sensitive to CWD dynamics as BBD increased. Nevertheless, beech remained a dominant species in all except the most extreme test (Fig. 5: HBBD) .
In our last sensitivity test, we doubled the decay time of fresh CWD to decaying CWD and reran the simulations shown in Fig. 4 . This mimicked the delay in the decay of fresh CWD of trees overlying other fallen trees. It spread out the pulse of regeneration of small-seeded species following a storm event, and gaps created by windstorms closed before most of the fresh CWD became decaying CWD. Neither the successional patterns nor the relative basal area of each species differed from those shown in Fig. 4 (results not shown) . This implies that in the presence of BBD, favorable seedbed substrate (i.e., decaying CWD) plays a more important role in canopy dynamics than in healthy stands. Fig. 3 . Graphical display of predicted probabilities of windthrow as a function of storm severity index for sugar maple and beech trees with a DBH of 30 cm, determined by using eq. 1, in (a) upstate New York forests, including the wind resistance of beech in all 43 plots with parameters as estimated by Canham et al. (2001) ; (b) upper peninsula of Michigan forests with parameters as reported in Table 4 .
Discussion
Effects of BBD on susceptibility of beech to windthrow
Our analyses of field data revealed that any level of BBD infection increased the susceptibility of medium-sized and large beech trees to windthrow across the entire range of storm severity. Beech trees infected with BBD were presumably more susceptible to stem snap because woodborers and decay fungi weaken the wood beneath phloem tissue killed by BBD (Houston and O'Brien 1983) . These results suggest that BBD does not significantly weaken root systems, a finding that is consistent with Houston's (2001) observation that root sprouting remains a viable mode of beech regeneration in diseased trees. The increase in susceptibility to wind is also consistent with observations of higher CWD in oldgrowth northern hardwood forests in which BBD is present than in old-growth stands where it is absent. Up to 64% of beech CWD in old-growth stands in Adirondack Park is due to BBD (McGee 2000) . By providing additional seedbed substrate, more CWD can differentially favor small-seeded species, such as yellow birch and hemlock (Gilbert 1965; Godman and Lancaster 1990; McGee 2001) . Further, the larger and more frequent windthrow gaps that result from increased beech mortality (Krasny and DiGregorio 2001) allow more light to penetrate to the understory, which could increase regeneration opportunities for light-demanding species, such as black cherry and yellow birch .
Ecological context of the simulations
SORTIE growth, growth-dependent mortality, and dispersal parameters were all estimated in beech-hemlock stands at Great Mountain Forest (GMF), in Connecticut, where sugar maple was present but not dominant. The sites were on nutrient-poor, acidic, sandy loamy soils derived from glacial till and schist and gneiss bedrock (Kobe et al. 1995) . Sugar maple fared poorly in our simulations because of their poor low-light survival at these sites (Kobe et al. 1995) . At a nearby site with richer soils, Kobe (1996) showed that sugar maple survival dramatically improves; in SORTIE simulations sugar maple went from being a nonpersistent species at GMF to being the dominant species at the richer site, solely because of increased low-light survival. Thus, we are not using these simulations to make specific predictions about what will happen in all northern hardwood stands. We are predicting that similar changes in CWD loading will result in trends similar to those we discuss below. The sensitivity of the stand to changes in CWD will vary, depending on variation in the development of beech thickets and on how parameter estimates respond to ecosystem factors that are not explicitly modeled.
A second consideration is that each seedling is subject to shading effects from all neighboring trees tall enough to have a DBH (1.35 m tall), but seedlings do not cast shade. Under normal seedling densities SORTIE results are not sensitive to this simplification. However, beech stands stressed by BBD can sometimes develop dense thickets of root sprouts that exclude species that are less shade tolerant (Houston 1994) . If a thicket were to form, shade cast by trees <1.35 m tall could be an important factor. We would not expect yellow birch basal area to increase, as our results show, because it is a mid-shade-tolerant species. Hemlock, on the other hand, is almost as shade tolerant as beech and may persist or increase modestly in such stands over the time spans of our simulations. Thickets were not explicitly included in our simulations because (1) there was considerable stand-to-stand variation in the development of thickets and a lack of robust data to parameterize it; and (2) we were primarily interested in the logical consequences for community dynamics of changes in the windthrow resistance of beech trees.
Effects of windthrow and BBD on long-term community structure and composition
Our simulations showed that the net effect of BBD on windthrow in stands in which beech is the dominant species was to make diseased forests more disturbance prone, even in the absence of a change in the frequency and intensity of windstorms. The rates of canopy tree turnover and gap formation increased; the forest shifted to an earlier successional condition, in which species that are less shade tolerant, such as hemlock and yellow birch, increased in importance. In this more disturbance prone forest, there will be persistent differences in the dynamics of the herbaceous community and tree seedlings (Woods 2004) . Batista et al. (1998) found that windthrow resistance of subcanopy and canopy trees with 20-40 cm DBH was critical to the persistence of beech populations in regions subject to hurricane disturbance. Our results show that BBD dramatically increases the susceptibility of beech to windthrow in that size range (see Fig. 2a ) and reduces the importance of beech in the baseline (see Fig. 4 ) and all sensitivity tests (Fig. 5 ) but does not threaten its persistence. The persistence of beech is a result of continued high survival of beech saplings (DBH <15 cm), which is due to (1) high windthrow resistance (see Fig. 2b ); (2) continued vigor of beech sprouts in infested stands (Jones and Raynal 1987) ; and (3) very high low-light survival (Kobe et al.1995) .
The response of the other species in our simulations depended on their shade tolerance and seedling recruitment characteristics. Black cherry basal area did not change in stands with BBD, whereas both hemlock and yellow birch increased (see Fig. 4 ). Windstorms open up the canopy, but leave the subcanopy and understory less disturbed, such that there is only a modest increase in the average light regime for seedlings. Black cherry regeneration remained minimal in simulations with BBD, because black cherry is not sensitive to changes in substrate conditions induced by BBD, and the improvement in the understory light regime was not enough to increase seedling survival in the understory.
Both hemlock and yellow birch increased in importance because of greater seedling establishment on rotting CWD in BBD-infested stands, but differences in light limitation, resistance to windthrow, and dispersal explain the differences in their responses. Hemlock basal area increased because low-light survival was higher for this species than for all other species in these simulations except beech (Kobe et al. 1995) . Yellow birch basal area increased because of high windthrow survival of birch trees, especially large birch trees in intermediate-severity windstorms (Canham et al. 2001; Woods 2004) , and because of high mean dispersal distance of birch seeds (Ribbens et al. 1994) . As the stand matured, the greater mean dispersal and windthrow resistance of yellow birch relative to the other species allowed it to become widely established in gaps and on favorable substrates created by tree fall and, under certain conditions, to become the dominant species in a stand (Fig. 5) . Hemlock basal area increased more than that of yellow birch in stands with BBD (see Fig. 4 ) because of its superior low-light survival under the understory trees that survive windstorms. Recently, Greene et al. (2004) argued that Ribbens et al. (1994) underestimated the mean dispersal of hemlock. If so, our results likely underestimate the increase in hemlock basal area in BBDinfested stands, because underestimating the local dispersal kernel of a species underestimates the basal area of that species (Papaik 2005) .
Importance of seedbed substrate
The distribution of seedbed substrates plays a critical role in the relative seedling abundance of different species but has less influence on overall canopy composition dynamics because of the importance of light to the survival of seedlings to the sapling stage (McGee 2001) . Our results show that the distribution of seedbed substrates plays a much more important role in determining canopy community dynamics because of the increase in CWD caused by BBD. Beech CWD increases three-to four-fold because of the increase in all BBD related mortality (McGee 2000) . Our simulations underestimated the change in CWD creation due to the effects of BBD, because they reflect only changes in CWD that are due to beech windthrow mortality. This suggests that windthrow is not the dominant source of beech mortality in BBD stands and implies that the results from the CWD × 2 or CWD × 4 sensitivity test may be more indicative of the net effect of BBD on forest community dynamics.
Conclusions
BBD dramatically increases the probability of stem breakage in beech trees in windstorms, leading to greater rotting CWD and higher seedling abundances in species that depend on rotting CWD for regeneration. Beech continues to be a dominant canopy tree species in all our simulations, because small beech trees (i.e., less than approx. 15 cm DBH) remain highly resistant to windthrow and form a dense understory of beech saplings. However, windstorms result in pulses of CWD creation that are greater in stands with BBD. Greater amounts of rotting CWD lead to increased seedling establishment in small-seeded species. Windstorms also create larger gaps that persist longer than single-tree gaps. Thus, even 20 years or more after a windstorm, seedlings of smallseeded species both are more abundant and have a greater probability of reaching canopy status in stands with BBD. As a result, canopy tree community dynamics become more sensitive to CWD dynamics in stands with BBD than in stands without BBD.
Our results highlight impacts of BBD on long-term competitive dynamics and species coexistence that are not evident in short-term studies. Our simulations suggest that the change in beech windthrow resistance alone can potentially reduce the importance of beech. Beech-dominated stands are more disturbance prone in the presence of BBD, and the relative basal area of species that are less shade tolerant will increase in stands where beech is the competitive dominant. However, complex community responses do not necessarily favor pioneer species, despite increased rates of canopy gap formation. We conclude that this invasive pathogen has complex community-and site-specific effects on forest composition and structure, over and above the immediate short-term impact on the affected species.
